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PROGRAM SUMMARY

This report presents the results of a research program designed to investigate the generation

of ultraviolet radiation arising from the non-equilibrium thermodynamic conditions behind strong

shock waves in air. Such conditions can arise behind the bow shock of vehicles in rapid ascent

through the atmosphere. The overall objective of this experimental and analytical program was to

support the development of a capability to predict reliably the non-equilibrium ultraviolet radiation
from such flowfields.

Specifically, the program objectives included:

an early assessment of the radiation to identify the radiating species and to

establish its dependence on velocity and altitude. These data were to

support instrument design issues for a proposed sounding rocket flight to

study these boost-phase signatures.

the development of a comprehensive base of quantitative spectral radiance
data to support the development of predictive capabilities by the boost-phase

signature community.

the development of a model to describe the electronic state excitation kinetics

that govern the nonequilibrium ultraviolet radiation from shock-heated air.

The experiments made use of a shock tube facility and spectro-radiometric instrumentation

available at Caspan. The system was capable of producing shocked air conditions over the actual

range of velocity and altitude of interest to the flight program. Both spectrometric and radiometric

data were obtained as the shock waves swept past the viewing station in the shock tube. Species

radiating in the ultraviolet as well as in the infrared were investigated in terms of spectral intensity

and temporal behavior. Additionally, shocks in various nitrogen/oxygen mixtures were used to

provide a broad matrix of data to support the chemical and electronic state kinetics developments.
L2

Following is a listing of the principal results that have accrued.

1. Highly resolved spectra of the nonequilibrium UV radiation between 200 - 400 nim

have shown the NO Gamma-band radiation to dominate over a smaller contribution from the 02 .

I Schumann-Runge system. 1Ci,

IA- ]
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2. The dependence of this nonequilibrium UV radiation on flight vehicle velocity and 3
altitude was established by direct measurements in the laboratory. These data were successfully
applied to subsequent flight instrument settings.

3. Spectra obtained from tests using pure 02 permitted the contribution of 02 to the air

spectrum to be quantitatively determined.

4. Similarly, the temporal profiles in pure 02 recorded by the radiometers were used to

obtain, by subtraction, the kinetic behavior of the dominant NO-Gamma band radiation behind the

shock waves.

5. An extensive data base of UV nonequilibrium spectral radiance profiles has been

generated for use by the signature modelling community in this area. Parameters in this data base
include shock velocity, pre-shock pressure (altitude) and test gas composition: air, pure 02 and

various 0 2-N2 mixtures.

6. A supporting infrared data set has been obtained, which provides temporal profiles 3
of the global NO formation kinetics behind shock waves in air and 0 2-N2 mixtures.

7. It is concluded that the currently accepted rates for air ground-state chemistry do not I
predict the NO generation correctly.

8. A simplified excitation model is suggested to describe the ultraviolet radiation

behind the shock wave.

I
I
I
I
I
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1.0 INTRODUCTION

The motivation for this program centered on the development of capability for predicting
the ultraviolet radiation from the bow shock of a vehicle ascending between 40-60 km at velocities

between 3-4 km/s. The objectives of the program included providing quantitative measurements in

support of a sounding rocket flight experimert the identification of the radiating species, and the
dependence of the radiation on altitude and velocity. In addition, basic spectral radiance data were
acquired in support of modelling this nonequilibrium radiation.

The non-equilibrium aspect of the radiative signature arises from the fact that at higher

altitudes the decreased density and collision frequency of molecules behind the shock front slows
-both the chemical reactions that establish species concentrations and those that govern equipartition

among internal energy states: electronic, vibrational and rotational. Thus, under some conditions

there exist strong gradients behind the shock front, consisting of species concentrations and excited

state populations far from equilibrium with the local (and changing) translational temperature. To

describe this nonequilibrium and to predict its dependence on velocity and altitude requires that the
relevant kinetic rates and mechanisms be known. Thus, a major goal was to provide a model to

describe the electronic state kinetics that govern the nonequilibrium ultraviolet radiation from

shock-heated air.

The experimental aspects of the program centered upon the use of a shock tube and

associated spectrometric and radiometric instrumentation, whereby radiative signatures from shock
heated air, 02 and N2-02 mixtures were recorded. The flight conditions of interest, namely, shock
velocities of 3-4 km/s at altitudes above 40 km (2.25 torr) can be exactly duplicated in a shock

tube. Thus, the measurement of the radiation profile as the shock-heated air passes a given station

can be readily and simultaneously achieved for a number of wavelengths and with different

instruments. This procedure was the basis for the measurements conducted under this program.

The results of the first two years' work are embodied in two AIAA papers, Refs. I and 2,
which, for completeness, are included in their entirety as Appendices A and B. The shock tube

facility, instrumentation, calibration, typical data and their description and analyses are all

presented in these papers.

The body of this report addresses principally the efforts of the subsequent work. These

included the search for additional diagnostic observables and the resultant infrared measurements

3
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of the 5.3 lim NO fundamental vibronic radiance profiles. Finally, an extensive discussion of the

gasdynamic and electronic state kinetic modelling and analyses is presented.

2.0 EXPERIMENTAL CONSIDERATIONS

2.1 Search for Additional Observables I

As will be addressed further in later sections, a major effort was undertaken to formulate a

model to describe the kinetics of the population of the electronically excited NO(A) state. This state
gives rise to the Gamma band system which dominates the nonequilibrium UV radiation from

shock-heated air. Because the model contains a number of coupled reactions and interacting

species, a search was undertaken to determine whether any other relevant species gave rise to

observables that could be used for additional kinetic diagnostics. Two were identified: atomic
oxygen and the electronically excited N2(A) state. Each of these playsa key role in the

nonequilibrium radiation overshoot kinetics; serious effort was expended to evaluate their potential

as experimental observables. I
The technique of atomic oxygen absorption near 130 nm in the vacuum ultraviolet is

actively being used in shock tube kinetic studies, as reported in the 1989 Shock Tube

Symposium. Details of this technique, especially those of the absorption lamp source were
obtained and found to be tractable. However, final calculations showed that the concentration of
O-atoms in the present experiments was much too high for these absorption measurements. I
Atomic 0 absorption would correspond to an optically thick gas, which precluded its use as a

kinetic diagnostic, and resulted in abandoning this effort.

The use of laser-induced fluorescence techniques to obtain instantaneous concentrations of

the excited N2(A) state behind shock waves was also considered. The experimental plan would be

to absorb the laser beam by transitions from the A to B state and to observe subsequent fluorescent

emission to other vibrational A states. These bands are in the N2 First-Positive B37r - A3 system, I
between 600 - 800 nm. I

This design effort involved a detailed study of the available energy levels of these states,
the transitions in various wavelength regions and the resultant line der ities per wavelength

interval. Overlap integrals were taken into account to optimize fluorescent signals while

I
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minimizing laser power requirements. The use of excimer and YAG-pumped dye lasers was

evaluated, as either could be procured for the term of the experiments.

The results of these analyses showed that this measurement was both high risk and costly,
and that its implementation could adversely affect the balance of this program. Several factors

ruled against this measurement. A major one was that the temperature of the gas during the region

of interest was high (> 4000 *K), resulting in a significant thermal Boltzmann population of both B-

and A-state levels. Further, because they are separated by only 1.2 ev (B = 7.4 ev, A = 6.2 ev),

their populations are not much different, typically 107 vs 109 per cc. Thus, when attempting to
measure the fluorescent component over a manifold of transitions, the inability to differentiate

against spontaneous, thermal transitions becomes prohibitive. Efforts on this task were

terminated, and further diagnostic efforts were directed toward the improved infrared

measurements described below.

2.2 Infrared Measurements of NO

From concurrent analyses it became apparent that the kinetics of the formation of NO

behind the shock played a critical role in the overall scheme for the excitation of the electronic

NO(A) state. Earlier in the program, 2 preliminary measurements of the vibronic bands of NO at

5.3 jum had shown that this system could be used to monitor global (ground state) NO kinetics.

These early profiles were measured with a standard IR radiometer comprising a HgCdTe detector,

bandpass filter and slits for FOV definition. Figure 11, page B-9 depicts several such profiles, and

illustrates the complication of a "foot" of signal preceding the arrival of the shock wave at the

observation port FOV.

This foot generally arises from scattered light from the highly luminous shock front, as it
approaches the measurement station. Scattering can occur from any defect (scratch, chip, film) on

either of the shock tube windows, or from any slits, baffles or radiometer tube walls that are

illuminated by the shocked gas front and which are "seen" by the detector. Even second reflections

can give rise to the scattered component. It should also be noted that after the shock passes

through the FOV, any candidate scattering site or surface is doubly illuminated, giving rise to a

larger scattered signal component, but which is now buried in the true signal. The correction

would be at least equal to twice that of the foot seen when the shocked gas is not in the FOV.

5
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A new radiometer was designed to surmount these difficulties. A schematic diagram of the

optics is shown in Figure 1. A major feature is that the entire radiometer is separated from the
shock tube. The physical apertures that define the very precise FGV are each imaged onto the

shock tube windows by a CaF2 lens. One stop is the detector chip itself, and the second is a slit

made of razor blades, well removed from illumination by the advancing shock wave. It is sized
and positioned so that its image on the lower window is appropriate for the desired FOV. In this
way there are no physical sites from which scattering can occur. The windows were removed after

each test to preclude scratching while the tube was being scrubbed. Implementing these features
resulted in a dramatic reduction in scattered radiation, as evidenced by the lack of the pre-shock 3
"foot" in the temporal radiance profiles. Figure 2 illustrates the improvement.

An InSb detector was used in the new radiometer. It was found that even though the long i
wave roll-off of the detector response clips one wing of the NO band, the higher detectivity results

in a net gain in SNR. The combined filter-detector bandpass function, between 5 - 5.5 im was
determined by separate bench experimnrts. A standard blackbody source through a scanning
monochromator was calibrated and then used to establish the wavelength dependence of the 3
radiometer, as shown in Figure 3.

System calibration was achieved by means of a chopped, standard blackbody which
completely filled the FOV and whose intensity spanned the range of those for the test gases.

Figure 4 presents a plot of the blackbody radiance convolved with the filter function and the I
detector response function (fIBBFNDxd-, wcm-2sr) against the recorded signal levels in millivolts.

System linearity is evident, and these data were used to obtain an overall calibration constant that i
was applied to all subsequent profile measurements. By these means the in-band radiance from the

NO (formed and heated behind the shock wave) can be directly related to that from a blackbody of

known temperature. The analysis of these data and their application to the kinetic modelling are

discussed in a later section.

3.0 ANALYTICAL AND MODELLING CONSIDERATIONS

3.1 Equilibrium Radiation of NO and Q, 3
The time-dependent measurements of the ultraviolet radi?';on, as described in Appendix A

page 3. can be used to obtain an equilibrium radiation value at long times. These can then be

compared with previous equilibrium experiments and calculations by reducing the results to an
6i
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evaluation of the electronic transition moments for th"- NO Gamma and 02 Schumann-Runge

systems.

To accomplish this, the radiation from a single spectral vibrational band of an electronic
band system is written as

3 b 2. 2 7 4

vv (P T, ca, 16 w ,-I
d,,_ Q','I

where I ( TT'C eO, Oc 3,2.0 10 W C1 5 /
I

S= number density of molecules (cm-3)

= fraction of molecules in upper electronic state

WA = wavenumber of radiation (cm-1)

! "' ( 1 '=  sum of squared chpoie moments for transitions from degenerate upper

states, atomic units

(.= degeneracy of upper state

E = vibrational energy of upper state
V= vibrational partition function of upper state

By representing each vibrational transition (v' --> v") as a simple Q branch, and assuming that
IRel2 can be taken as a constant, the spectral radiance can be approximated as

B e"- I k C a ", C .-c (2 )

1 0 cOm W C,' vv" 
40. W> 'VV

where

whee ' rotational constants for upper and lower states

3 vV, bandhead wavenumber for V, V transition

If Be'> Be", the equation applies for &.€wv,, and 1,, fur co,.t.,,,. The dependence of

B on v is not included in the approximation. The total spectral radiance is then

7
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I(w)= - I (CO) (3) 3
V'v

The spectral radiance calculated with this approximation is shown in Appendix A, Figures 12 and

13 for the NO Gamma and 02 Schumann-Runge systems.

The in-band radiation that should be measured by the calibrated detector for a single band

system is then

fI.So (wo) P(w) D ,,,) (4)

where f is the diameter of the shock tube, F(c.) is the filter transmission function and D (La) is the

detector response function. F() for the 230 and 260 nm filters is shown in Figure 5 of Appendix 3
B. The detector that was used for the broad 230 nm filter has maximum sensitivity at 205 rim.

The sensitivity decreases by 20% at 185 nm and at 250 nm. At longer wavelengths the sensitivity 3
drops exponentially, decreasing by a factor of 10 at 300 nm. The sensitivity of the detector that

was used for the narrow-band 260 nm measurements was taken as constant over the band-pass.

The integrals in Equation (4) were calculated as functions of temperature for the NO

Gamma and 02 Schumann-Runge systems. The absolute calibration was obtained by calculating 3
similar integrals for a black-body source of radiation and following the calibration procedure

described in Section 2.2. 3
This results in calculated functions of temperature, MNO and M02, where theseare related

to SNO and S02 by

I5 ,o~ ~ = IoY.r,,Re.l~ 12- o M ,z£ 'o Ro12'z (5)

O II
From Equations (4) and (5) it follows that the in-' md radiation to be expected from the gas

mixture would be

I
I

L .



I.
I

-t S~~ So* Re +RtO (REz ('1, (6)02

or

I SMIX M Iel~. jRPj (MNO Yeo

I Since MNO and M02 are known from the calculation, and nNO and no 2 are known from the
equilibrium shock calculation, the experimental value of SMIX divided by YL0 2M0 2 f can be

I plotted vs (MNO nNO/Mo 2no 2). The intercept and slope of the straight line yield the IReI2 for 02
and NO. These plots are shown in Figures 5 and 6 for the 230 nm and 260 nm results for 02 and

NO. Measured vs calculated values of the equilibrium in-band radiance for 230 and 260 nm are
plotted in Figures 7 and 8 of Appendix B, using the derived values of IReI 2. (The notation of

j Appendix B is slightly different from that used here.)

I 3.2 Separa!ion of Nonequilibrium 02 and NO radiation

jThe equilibrium ultraviolet radiation from the shock tube is a well understood mixture of
02 Schumann-Runge radiation and NO Gamma radiation, as discussed in Section 3.1. The 5% 02

I experiments produce practically no 02 radiation, the 22% 02 tests provide about equal amounts of

NO and 02 contributions, and the 40% 02 tests provide appreciably more Schumann-Runge than

Gamma contributions. In the nonequilibrium region, the NO radiation is the dominant contributor
in almost all cases. However, it is necessary to make some correction to the total radiation
measurements for the 02 content in order to obtain the NO overshoot history.

Experiments with 100% oxygen show that the 02 radiation does not overshoot its
equilibrium value, but rises smoothly to a final plateau (see Figure 5 Appendix A). This feature
was observed in work at AVCO3 in the late 1950's, and attributed to the rapid predissociation of the

9
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oxygen excited B state. Thus the B state remains in local thermodynamic equilibrium with the

oxygen atom population, so that the number ofO2 molecules/cm 3 in the B state is given by

_K( ; (8)) KL2_

0xygen

/ 
-

r Z293 (8)

where K is the equilibrium constant for the reaction and the last factor in the equation is an

approximate representation (appropriate over the range 3000 to 7000 K) of the rquired correction I

to the rigid-rotator simple-harmonic-oscillator model. The 02 radiation is taken to be proportional

to no 2(B)y as determined from the equilibrium measurements. 3
We have assumed that the 02 S-R system follows the same behavior in the radiation from

N2/02 mixtures, with the 0 2 (B) state staying in local equilibrium with the oxygen atom

concentration at the translational temperature. The oxygen atom concentration behind the shock

was calculated from a normal-shock nonequilibrium code 5, and this population was used to I

determine the B state participation in the observed radiation. This amount of radiation was

subtracted from the total observed, and the remainder was attributed to the NO Gamma system. 3
The results of this subtraction are shown in Figure 6 of Appendix B for a matrix of nine

runs. The total radiation and the portion attributed to NO Gamma are shown. In the 5% 02 I
experiments the corrections are negligible, and for the 22.3% 02 tests the corrections are very

small in the nonequilibrium region, except at the slowest shock velocities. For the 40% cases at

low velocities there is an appreciable correction. I
3.3 Analysis of Nonequilibrium Infrared Measurements 3

The nitric oxide 5.3 um radiation intensity is expected to be proportional to the NO

concentration and a relatively weak function of the temperature*. Thus the measurement of this I
radiation can be used to determine the time-history of the NO concentration behind the shock wave.

This time-history of the ground-state chemistry behind the shock wave is a critical input to any 3
calculation of the anticipated time history of the ultra-violet radiation. The infra-red measuremeits

obtained during the first phase of this prog" im demonstrated the ability to determine NO 3
"The NO is optically thin, and it is shown in Reference 3 that NO vibrational relaxation does not appreciably affect

the interpretation of the measured NO-IR radiation. The temperature dependence is given in Appendix D.

101



concentration, but did not contain enough resolution to resolve this time history. In the second

phase of the program the sensitivity of the infrared detection system was improved to give a better

measure of this ground-state NO chemistry, to use as a guide in interpretation of the ultraviolet

data.

A very general picture of the observed infra-red radiation is given in Figure 7 showing

plots of observed intensity vs lab time behind the shock. (Full-page copies of these graphs are

given in Appendix C). The three columns correspond to the three 02/N2 mixture ratios that were

investigated, and the results are arranged vertically according to velocity. The time histories show

a rise to maximum, an approach to equilibrium, and the disturbance caused by arrival of the

hydrogen/oxygen interface, resulting in OH and H20 radiation.

The radiation level attained at equilibrium is proportional to the NO concentration and a

weak function of the equilibrium temperature. Both the NO concentration and the temperature can

be calculated if the ground-state chemical rates are known. It is shown in Appendix D that the

temperature dependence that is expected for NO radiation measured with the filter-detector system

that was used is:

-1 (T)-=3,sI o -3.2llo (-330 (9)

This temperature dependence can be confirmed by dividing the measured equilibrium intensities by

f and plotting the results vs the NO concentrations. As shown in Figure 1 of Appendix D, this

demonstrates the proper linear dependence on NO concentration. and provides a relation that can be

used to interpret the nonequilibrium data.

Also shown in Figure 7 are calculations of the expected NO IR radiation. These calculated

results were obtained by utilizing a 7-species, 10-reaction model in a normal-shock kinetics code

to determine the time history of the NO concentration and temperature behind the shock. These

values were then used with Equation (12) of Appendix D to determine the radiation. The rates that

were used in these calculations are those suggested by Wray 6 , as corrected by Camac et a17. The

Camac corrections are the deletion of the reaction N2+O2-2NO, and a decrease of a factor of 2.5

in the rate for N2+O-NO-N. The Camac rates are expressed as

= Ta C /r (10)
L1
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and are given in Table 1. These rates were considered to be the most relevant ones available for the

density and shock-velocity range of interest in the present experiments.*

kf = ATBe CfJ cm 3/moleculesec or cm 6/molecule-sec I

A B C 3
(OK)

1. 02+O--20+O 1.5 x 10
4  -1.0 59,380

2. 02 + 02 -20 + 02 5.4 x 10- 5  -1.0 to

3. O + M - 20 + M 1.2 x 10-5  -1.0 I
4. N2 + N -- 2N + N 6.8 x 10-2 -1.5 113,200

5. N2 +N 2 - 2N+N 2  8.0 x 10-7  -0.5 "

6. N2 + M - 2N + M 3.2 x 10-7  -0.5 I

7. NO+M-N+O+M 1.7 x 10-3  -1.5 75,490

8. N + 02 - NO + O 2.2 x 10-14  +1.0 3,565 U
9. O+N 2 - NO+N 5 x 10- 11  0 38,016 3
10. NO + + e--N+O 9.0 x 10- 3  -1.5 0 I

TABLE 1. CAMAC RATES USED FOR GROUND-STATE CALCULATIONS I

I

A recent publication 8 gives an ex,-,rimental result for k3 (with M=N2) of 3.4x]018 (t 25%)T-1

exp(-59,380/fT), measured from 2400 to 4100K. This is about half the Camac value. The most
recent experiments with NO formation9 suggest that k9 = 1.8 x 1014 exp (-38,370)/T, about 6
times larger than Camac's value.

712



The general conclusion that can be drawn from comparison of calculations and experiments

in Figure 7 is that although the calculated results show profiles similar to the experiments, they do
not predict the magnitude or position of the overshoot correctly. The calculations fail most
noticeably for low velocities and for the 40%/60% O2/N 2 mixture. Camac's results3 showed

similar problems, but those could not be resolved because of possible boundary-layer effects in his
shock tube, which had a 1.5-inch diameter. In the present experiments, with a 3-inch diameter
tube, boundary-layer effects do not contribute to determining the time scale behind the shock at the
times involved. In addition, many of the calculations do not demonstrate a radiation maximum,
whereas an experimental overshoot is clearly shown.

Because of the importance of the ground-state chemistry in explaining the measured
ultraviolet radiation, some effort was made to adjust rates to provide better agreement with the

infra-red experiments.

As pointed out by Camac et a17, the general features of the time history of the IR radiation
can be characterized by the three temporal parameters shown in Figure 8. These are an incubation
time, a time to half maximum, and a time to maximum. The experimental values for these

parameters are plotted in Figures 9, 10, and 11. The ratio of peak-to-equilibrium radiation is shown
in Figure 12. Each figure shows experimental curves for the three mixtures, as well as the values

obtained from normal-shock calculations using the Camac rates. Calculated profiles for the 40%

02/60% N2 mixture did not show maxima.

INCUBATION TIME

The early formation of NO behind the shock is governed by reaction 9, which depends on
oxygen atoms to produce the NO. (Reaction 9 also produces a nitrogen atom, which is

immediately converted to another NO molecule leaving a replacement for the 0 atom, all through

reaction 8.) Thus there is a delay in the NO production until 0 atoms are formed by reactions 2

and 3. These dissociation reactions are delayed10 by vibration-dissociation coupling, an effect that

is not included in the present calculations. Thus a complete description of the incubation time of

NO formation requires an accurate description of the early process of oxygen-atom dissociation.
The need for a longer incubation time led Camac to discount the N2+O2#2NO reaction, which
would supply NO at very early times (he also had other experimental reasons for removing this

reaction). However, it is clear that the Camac rates do not provide long enough incubation times at

low velocities.

13
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TIME TO HALF-MAXIMUM
Apart from the relatively short incubation time, the time to half-maximum is governed by

the rate of production of NO by reaction 9. It was on the basis of this measurement that Camac et
al suggested a reduction of a factor of 2.5 in this rate*. In their examples, they reduced the
coefficient from Wray's value of 7x10 13 to 2.8x1012, as indicated in Table 1. This correction
provides reasonable agreement, except for the low-speed shock waves; for these cases the Camac

rates predict a longer time to half maximum than shown in the experiments, and do not predict an I
overshoot. I
TIME-TO-PEAK

Figures 11 and 12 describe the time-to-peak and the ratio of peak-to-equilibrium radiation.

The Camac rates do not provide results consistent with the experiments for either parameter. In
many cases the calculated intensities do not show a maximum, as is evident in Figure 7.

By changing the reaction rates we have obtained calculations in reasonable agreement with

the experimental results, but only by changes that are inconsistent with known values of these
rates. For example, by changing rates of kl, k2, k3, and k9, the results shown in Figure 13 can be

obtained. These calculations still do not provide an accurate fit to all of the data, and require use of 5
rates that are in complete disagreement with accepted rates. However, we have used these

calculations in Section 3.5 to make comparisons with ultraviolet radiation because of their close

match to the infrared results.

The possible changes in rates that would provide results consistent with all of the data have
not been pursued further in the present work. Instead, the infrared data have been used as a
guideline in interpreting agreement of theory and experiment in the ultraviolet measurements. 3
3.4 Excitation Eguations for the A State of NO 3

The mechanism by which the NO(A) state is excited behind the shock wave is not known)

but it is certain to involve a complex set of competing reactions. In particular, energy transfer from I

"Camac et al arrived at the conclusion. based on a first-order analysis. that the same effect could also beaccomplished by decreasing the rate of reactions 2&3 by a factor of 2.5. which would decrease the supply of

oxygen atoms. This. they arg-__d. would decrease the NO production rate. Although this is true at the very
earliest times, we have found that decreasing the 02 dissociation rate increases the temperature at any given
position behind the shock. and the net effect is an increase in the NO formation rate. which is very temperature
sensitive.

14 !



the metastable N2(A) state is usually considered as a parallel path for NO(A) excitation. A listing

of the energies involved in relevant chemical states is shown in Table 2.

N N 113,243 'K
N+O 86,321

j NO(A) + NO(X) 74,375

N2(A) 72,234

j NO(A) 63,259
0+0 59,400

N 56,621
0 29,700

NO + NO 22,232

NO 11,116
N 2  0

I 02  0

TABLE 2. ENERGIES ASSOCIATED WITH CHEMICAL SPECIES

Mechanisms for the high-temperature excitation of the NO(A) state have been examined in

References 11 and 12. The simplest mechanisms suggested are direct excitation by electron

collision or atom collision, recombination of N and 0 to form NO(A), and recombination of two N

atoms to form N2(A). The near-resonant exchange between NO(A) and N2(A) is usually assumed
to occur very rapidly compared with other reactions.

A representative set of reactions is:

1 ) NO+e NO(A)+e

2) N+O+M NO(A)+M
3) N2+e N2(A)+e
4) N2+N N2(A)+N

15
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5) N+N+M - N2(A)+M

6) NO(X)+N 2(A) NO(A)+N 2(X)
7) NO(A) -, NO(X)+hv

Reaction 7, the spontaneous emission of radiation from the NO(A) state is the signal that is
observed. The radiative lifetime of this state is known to be 0.2 ps, so that k7f = 5xlo 6sec-1. The

reaction is written in a single direction because the radiating gas is optically thin. Reactions 2 and I
are written as three-body reactions, but two-body reactions could also contribute. In the
nonequilibrium region these reactions proceed in the reverse direction, as quenching reactions. It 3
should be emphasized that a great many other paths of excitation are possible, many including
intermediate states. 3

The rate of increase of the number density of NO(A) and N2(A) molecules can be written

for this set of reactions as

(ALNVWA kif LNON IOVlNOAn L. -- nK - ka2fL JLWA 'YjI
cLt

I

k/. 'qJNA 1 (LO'L2 ~ fA012)

A great simplification in the investigation of these equations comes from the fact that

Reactions I through 7 do not appreciably affect the number densities of the unexcited species nN2,

no 2 , nNO, nN, no, n, and n.. This follows from the fact that the excited species number I
densities nNOA and nN2A are about e-70000 T - 5x10-6 to 5x10- 10 of the corresponding ground
state species number densities. To produce ground state species at an appreciable rate from these I
excited states would require rate constants that were proportionately greater than the rates used for
ground-state chemi' ry. Likewise, the chemistry represented by these reactions does not affect the 3
enthalpy or temperature history of the gas behind the shock wave.

I
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With this simplification Equations (11) and (12) can be rewritten as

I'& (f n~ + k-f nvxM-N L[k~ez + + rt~aJ + k-OA

I -i- ~k k w'N] KN2.A - K ,,,%] nNOA (13)

I l~ [kfl l2.te+V 2 % + k.

-Ek3 I ' t WN k s-If 'k5 ?0t 7 2.A

I Ek, fn.] TnZA.. 0C nN2J 11NOA

I The rate constants are specified as functions of the temperature, and the species number densities

inside the brackets are known functions of the distance behind the shock wave. It follows that if

the ground-state chemistry behind the shock is known, then for a given choice of rate constants,

the bracketed terms can be considered as known functions of the time, and the two equations can

be integrated numerically to determine nNOA and nN2A.

The relation between the forward and reverse rates can be written explicitly as

EOA ENZA

(WO: IM 6L\LO -k3 ctkJA f

dN2X=I;'Y NNA3 dNO--4 dNOA=

I(_ k dH

I = ( ) 174 2.2. A4Q (- 2)6,4~ ')
I where the terms di are the degeneracy of the ith state:

dN2X=1; dN2A=3; dNox--4 ; dNOA=2

Since very little is known about the values of the rate constants, there is some merit in

simplifying the equations further. It is first observed that the sum of Equations (13) and (14)

provides an equation that does not involve the exchange reactions:

|17
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± 'LJ ]Mj- Lkjr'e+k2.r@nm+kfJKo (16)

1
- + [I k I )%N 3

-~ ~ ~k Mk { yv- +< .h, k rY,]'M

If it is next assumed that the exchange reactions are very fast compared with the other excitation

reactions, nNOA and nN2A will remain in a local thermal equilibrium with each other, so that 3

NOA QK - L'NO Y -C (17)

YLNA _ L= ZA d..Nx Y , - t4)

Q is then a known function of time behind the shock wave, with a value between 0 and about 0.1. 3
Substituting Equations (15) and (17) in Equation (16) results in 3

F1 (18)(I*Q'I
where Z, F, and G are defined as

I
Z = L t4 oA+ , Nt*A ; i, = 2. i oA -k) (19 44

I



and pl, P2, and P3 are defined as

NOVOA

t,,oA k XNO

I' a x (22)

AkT . L L) N -O (23)

I
____j (24)

PI is the value of nNOA in local thermodynamic equilibrium with nNOX, P2 is the value of nNOA in

I LTE with nNnO, and P3 is the value of nNOA in LTE with nN2, all under the condition that nNOA
and are in local thermodynamic equilibrium with each other. In final equilibrium, p,=pipn

Equation (18) provides the differential equation for nNOA(t).

A final simplification that is appropriate over much of the relaxation zone is the assumption

that Z is near local equilibrium -. i.e., dZ/dt is small compared with the terms F or (Q/(1 +Q))GZ in

Equation (18). This is true when changes in the ground-state chemistry are slow compared with

the electronic excitation mechanisms. In this case Z can be taken as

I Z = ZLE = (F/G) ((I+Q)/Q), or (nNOA)LE = (F/G). (25)

This local equilibrium value is somewhere between the local values of pl, p2, and P3, depending
on the relative values of the numerators of the three terms in Equation (21). If k7 has an

appreciable value compared with the other terms, it serves to lower the local equilibrium value of

nNOA.

19
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When the ground-state chemistry arrives at final equilibrium, Pl=P2=P3 = (nNOA)FE. (see

Equations 22-24), and

(VNOA )LE =F F . (26)

(hNoA ) F
If k7<<F/(nNOA)FE, then (nNOA)LE=(nNOA)FE,and the equilibrium radiation is not "collision

limited." 3
3.5 Rate Constants for Electronic Excitation 3

As discussed in Section 3.4. References 11 and 12 give assessments of the state of

knowledge of excitation mechanisms and rates for excitation of the A31 state of NO. The group of

7 mechanisms discussed here was chosen from those reports, and the initial set of rates that was

compared with the present experimental data was taken from Reference 11. These rates are written 3
in the form

kf = ATBe -CIT  (27)

where the values of A, B, and C are given in Table 3. 1[he units of the rate constants are I
(cm 3/molecule sec) or (cm 6/molecule 2sec).

A B C

1 NO+e NO(A)+e 1.2 x 10-10 0 63,510

2. N+O+M NO(A)+M 2.47 x 10-31 -1.24 0

3. N2+e N2(A)+e 1.98 x 109  0 71,586

4. N2+N N2(A)+N 1.53 x 10-2 -2.23 71,586
5. N+N+M,- N2(A)+M 1.27 x 10-27 -1.60 0 I
6. NO(X)+N2(A) NO(A)+N 2(X) inf. ----

7. NO(A) -- NO(X)+hv 5 x 106  I---- I 3
TABLE 3. INITIAL RATES USED, REFERENCE I 3

I
20
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The rates for the reverse reactions are taken to be related through the equilibrium constants.

Reaction 7 proceeds in only one direction because the gas is optically thin.

An important conclusion of the study of the equilibrium UV radiation was that the radiation
was not collision limited. This means that at equilibrium the term k7 (Equation (21) Section 3.4) is

negligible compared with the other terms in that equation. Typical values of these other terms at

equilibrium, for various shock conditions, are shown in Table 4. The initial pressure in the shock
tube was 2.25 torr for all cases.

Some of the terms, in each case, should be considerably greater that 5xl0 6sec-1 in order to avoid

collision limiting. Although this is satisfied for the 5% oxygen experiments (the highest

temperatures), it is not satisfied at the lower temperatures associated with the 22.3% and 40%

oxygen equilibrium conditions. Thus if the excitation process is to be represented by these

relations, appreciably faster rates must be used.

The first two rate columns in Table 4 show that the electron reactions are the slowest of all

the rates. This is related, of course, to the small number of electrons that are present at these

relatively slow shock speeds. The temperature dependence of the electron concentrations is such

that these rates become more important at higher temperatures, but it is unlikely that they are

involved in the excitation being discussed here.

The last three rates have comparable magnitudes, but the direct-excitation rate, k4f, has the

strongest temperature dependence. The value of the last two terms, the recombination terms, are

very dependent on the degree of equilibrium, since they depend on the square of the atom

concentrations. At conditions near the shock, where few atoms are present, they serve to quench

the radiation by dissociating the excited state of NO or of N2.

Under the assumption that changes in the ground-state chemistry rates are slow compared

with the electronic excitation mechanisms, Equation (26) can be used to describe the population of
NO in the A state, and thus (with Equation (6)) can be used to compare with the signal received

from the Gamma radiation. Then

'%6,4 "- I#-o. ,.0' F watts/cm 2sr (28)
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I
SNOA = t 1-',,°MNo){[fk4fnN2nN+k2fnNnOnM k5rnMnN 1(/I SNO ~ ±(29)

f I k4trN2nN/pII + [k2fnNnOnM/P2] +kSfnMnt'/p3}

The electron excitation terms, kj and k3, and the emission term k7 have been dropped from the
relation as being negligibly small. Only the ratios of the remaining rate constants are relevant in

determining SNOA, assuming that they are large enough to make k7 negligible. Thus there are two

variables in fitting the calculation with the experiments. Many calculations of SNOA were
performed, using the Camac ground-state rates given in Table I and varying coefficients Ai for the

k2 , k4 , and k5 electronic excitation rates of Table 3 in an effort to match the experimental profiles.
No reasonable match could be obtained.

The calculated ground-state chemistry shown in Figure 13 is reasonably consistent with the

infrared radiation data, but employ unrealistic ground-state reaction rates. If this ground-state
chemistry is used as the basis for calculation of the electronic state populations, a fair agreement

I there can also be obtained. A set of calculated nonequilibrium emission profiles for the matrix of

230 nm runs is shown in Figure (14). (The experimental results are shown in larger scale in

Appendix E.) These calculations used a simplified table of coefficients for reactions of Table 3, as

shown in Table 5.

RATE A B C

1 .2 x 10-10  0 63,510

2 4.0 x 10- 34  0 0

3 2.0 x 10-9  0 71,586
I 4 4.6x 10-8 0 71,586

5 5.2 x 10- 32  0 0
I 6 Infinity ........

7 5 x 106  ........

I"TABLE 5. COEFFICIENTS USED IN CALCULATION OF FIGURE 14

I The pre-exponential temperature dependence was omitted in all cases. The ratios of the Ai (e.g.

A4/A2) are determined by the shape of the curves. The magnitudes of the coefficients were chosen
so that the rates would be large compared with the radiative emission rate. Rates I and 3 do not

affect the results.
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INSB DETECTOR, 3 MM DIAM. CHIP

= ~ COLD FILTER, NOM. 5-5.5 pM

APERTURE, 1.2 X 3.6 MM

I L-~~----CAF2 LENS

SHOCK TUBE

I I IMAGE OF APERTURE =3 X 9MM

I -

FIGURE 1: MAJOR ELEMENTS OF THE IR RADIOMETER-SHOCK TUBE SYSTEM.

THE BEAM IN THE SHOCK TUBE IS WEDGE-SHAPED, OPTIMIZED FOR AXIAL

RESOLUTION AT 3MM, AND FOR THROUGHPUT BY A 9-MM WIDTH ACROSS THE

TUBE AT THE LOWER WINDOW. MAGNIFICATION IS UNITY FOR THE DETECTOR

CHIP AND 2.5 FOR THE APERTURE.
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I
NONEQUILIBRIUM UV RAD)1AkTION AND KINETICS BEHIND SHOCK WAVES IN AIR-

.H. V'urster*, C.E. Treanor-, and M.3. Williams***
Calspan-UB Research Center

Buffalo, New York

Abstract that govern equipartition among internal energy states:
electronic, vibrational and rotational. Thus, under some

An experimental study is described whose conditions there exist strong gradients behind the shock
objectives include the quantitative measurement of the front, consisting of species concentrations and excited
ultraviolet radiation behind strong shock waves in air, state populations far from equilibrium with the local (and

the identification of the radiating species and the changing) translational temperature. To describe this
determination of the mechanisms and rates that govern non-equilibrium and to predict its dependence on velocity
the emission. A shock tube was used to generate 3-4 km/s and altitude requires that the relevant kinetic rates and
shock waves through air and 0 2-N 2 mixtures at initial mechanisms be known. It is to those that relate to
pressures between 0.36-2.25 torr. The temporal gas- ultraviolet and visible radiation that this investigation is
radiance profiles recorded radiometrically exhibited primarily directed.
strong non-equilibrium overshoots, followed by decay to
steady-state equilibrium. The dependence of the peak In the more recent past, consideration of vehicles
overshoot values on wave speed and pressure was such as the aeroassisted and aerobraked Orbital Transfer

measured and shown to scale with density. Emission Vehicles led to computer code developments that address
spectra of the gas both in the overshoot region and the flow field predictions at higher altitudes and velocities
equilibrium region showed the NO gamma band system (10 km/s) 1-9. Their application to the lower velocities
between 210 and 340 nm to be the dominant radiation and altitudes of interest to the present problem is not
source. The role of 02 Schumann-Runge radiation in clear, owing to the widely different kinetic chemistry
this region was also studied; in pure 0 2 no overshoot involved. The need for an experimental data base over
was recorded. Profiles of the measured air radiation the relevant velocity-altitude range constitutes the major
have been compared with computed profiles based on objective of these studies.
translational and vibrational temperatures, and are shown

to be bracketted by these. Infrared vibronic emission The most noteworthy and interesting difference
profiles were also measured and shown to be a description between early shock tube studies and those reported
of the NO concentration growth. Further kinetic studies herein lies in the newer instrumentation available today.
are presently ongoing. Most especially useful were a multi-channel, high-speed

digital data recording system, and an optical multichannel
I. Introduction analyzer. This electronic spectrometer permitted short,

precisely synchronized exposures to be made with good
The motivation for this research centers upon the wavelength resolution.

capability to predict the ultraviolet radiation from the

bow shock of an ascending flight vehicle at velocities The shock tube and the instrumentation is briefly
between 3-4 km/s at altitudes between 40-60 km. It is described below. Typical data and their calibration are
well known that the strongly heated air behind the bow presented, together with a subsequent discussion of
shock of a body moving at hypersonic velocity can give results.
rise to high radiative heating rates and to significant
radiative signatures. These effects are particularly 2. Experimental
important to various aspects of reentry aerodynamics,
and much of present understanding is a result of intense Shock Tube
theoretical and experimental efforts in this area that
were undertaken during the late 50's and early 60's. The The shock tube employed in this research was used
significance of each effect varies with altitude, velocity in a number of radiation and chemical kinetic studies
and body configurationi, and the capability to predict over several decades.4- 7

these effects by computational modeling has been an
ongoing challenge, both in terms of the physical-chemical A schematic diagram of the overall experiment is
model and in the availability of data for input parameters shown in Figure 1. The steel driven section is 30 feet
and for comparison with predicitons. The major objective long, 3-inch inside diameter. The driver section is 5
of this study was to provide experimental data that feet long, and was originally designed for operation at
directly supports predictive computational modeling 15,000 psi using pure hydrogen as the driver gas. To

efforts relating to non-equilibrium, bow-shock radiation, date on this program a maximum of 4,000 psi was used;
Snumost tests only required 1,000 psi of H2 , achieved by

Th non-equilibrium aspect of the radiative means of press-scribed, 0.035-inch-thick steel
signature arises from the fact that at higher altitudes diaphgrams. The routine double-diaphragm technique l

the decreased density and collision frequency of provided excellent run-to-run reproducibility in wave
molecules behind the shock front slows both the chemical speed (-I and radiation records.
reactions that establish species concentrations and thoseI Supported by 510I-I T and managed by the

Arm\ Research Office
Staff Scientist, AIA A Senior Member
Director, CUBRC and AIAA FellowI Research Scientist

Copynght C American Institute of Aeronautics and
Astronautics, Inc., 1989 All nghts resemed



permitted spectra of both equilibrium and nonequilibrium
JWLT1OCNNILI air radiation to be obtained. This instrument was notVACIAJM A VACUU A Y£

LANSSGua __M s, ANALYZER calibrated absolutely, although the overall responsivity
sysOm SYSTEM as a function of wavelength was measured and taken into

account for each grating.
WAYVESD1s WA5OW SYSTEM A HgCdTe detector-filter radiometer was also

WAR Ilk .deployed to measure the NO fundamental vibronic band
v.W 0 TI at 5 pm, to obtain data relevant to the NO vibrational

SHOCK TUBE kinetics. The infrared signal-to-noise ratios were low,
S E O but adequate radiance profiles were obtained and will be

UCTION MTMUMN *N AA discussed later.

AAn uncalibrated, wider bandpass, I mm-wide-beam
radiometer at 250 nm provided redundant, primarily

housekeeping, data.

Fig. 1 Principal elements of the experiment. [ G CD M DETECTOR

Vacuum levels achieved using diffusion pumps with Lll
cryogenically cooled traps were routinely in the l0 5 torr 4
range with negligible leak/outgassing rates over the 15
minute pre-test gas loading interval. Initial test gas
pressures were measured to better than 1% with an MKS
Baratron unit. Scientific grade (99.999060 02 and N 2were used throughout, with H20 and CO 2 at less than
I ppm. After each test the tube was scrubbed with OPICAL

25OM --- 7.52 CAO MULMICNNELalcohol. RADOETER " DAM ------ ANALYZER

Thin-film heat transfer gauges were used to record

shock arrival at seven sections along the tube. These FLTR
signals were differentiated and combined for digital
recording. This record then provided a common time
line for all subsequent measurements, as discussed in the
following section.

UOW RADIOMETER
Instrumentation

An instrumentation station with four ports was Fig. 2 Instrumentation at the measurement station.
located about six feet from the end of the shock tube.
Figure 2 illustrates the four measurements that were
made at that station for the test results reported in this Finally, it should be noted that another radiometer
paper. The primary quantitative measurements were was deployed at a more downstream station in the shock
made using a radiometer comprising a UV-quartz window, tube. Its filter at 307 nm was selected to monitor the £
a IP28 photomultiplier tube, an interference filter (260 (0, 0) transition of the OH (A-X) band system. Its purpose
nm, 10 nm FWHM, 15% transmission) and two slits to was to monitor shock tube performance by recording the
define the optical beam to 3 mm maximum width. These passage of the reacting H 2 -driver/air driven gas
optical parameters were selected after a number of interface. It thereby confirms the length (or duration)

exploratory tests were made to establish spectral purity, of the shock-processed test gas "slug", which ranged from
and to assess signal strengths and spatial and temporal 40-100 microseconds.
radiance gradients. This radiometer was calibrated by
using an Optronics standard irradiance deterium arc lamp, The OMA was a completely self-contained system;
NBS traceable. In the calibration setup, a rotating mirror a computer was used for synchronization, exposure I
of known reflectance provided a dynamic lamp scan using control timing, data recording and processing. All

the same time constant and slit-PMT cathode radiometer signals and the wavespeed data were fed to
configuration as in the experiment. Calibrations slightly a datalab, 8-channel digital recorder with a 2 MHz
overlapping the range of signal levels of the experiment sampling rate. This arrangement permitted all shock I
were made, but were limited by low lamp signals through tube test data to be correlated to within 0.5 microsecond
the narrow bandpass filter. Linearity of output over the resolution; they included the radiometer outputs at two
entire range was confirmed by using the detector gain settings, the wavespeed Ime-of-arrival pulses, and
unfiltered in an inverse-square/distance set of a signal from the OMA that permitted the exact exposure
measurements. time-interval of the spectrometer to be recorded.

An optical multichannel analyzer (EO &GfPARC 1. Typical Data

0' A 3) was also deployed as shown. Its main function
was to provide emission spectra throughout the UV and I
visible wavelength range, primarily to assess the spectro- This section will illustrate the nature of the
chemica! purity in the shock tube test gas, and to verifN various data derived from the experiment, the techniques
the origin of the radiation recorded by the radiometers, used for data reduction and calibration, and how the
This instrument proved to be highly effective; its records have been interpreted.

operational feature of precise electronic shuttering

A-2 3



I
The wave speed data format comprises a series Typical 5 pm infrared profiles are shown in

of spikes that corresponds to shock arrival along about Figure 6. Three profiles were superimposed; all are at
half the shock tube length. The intervals between spikes initial air pressures of 2.25 torr, with shock velocities
could be measured to 0.5 microseconds, from which a at 3.27, 3.50 and 3.83 mm/ps. Despite the much lower

plot like Figure 3 was generated for each run. A second- SNR, the comparisons show a definite trend of overshoot
order curve was then fitted to the data, and its slope behavior. The interpretation and role of the overshoot
at the measurement station was taken as the shock wave is addressed in Section 4.
velocity for the test. The inputs for all shocked-gas
property calculations were the initial test-gas pressure, The OMA has proven to be invaluable to this study
the shock velocity and the ambient temperature. by providing emission spectra of the shock-heated gases.

Initially, broad wavelength coverage spectra were taken
------------------------------------ to identify the dominant radiating species/bands, and to

assess overall system purity levels.

f I I I I

N I I I i p I
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Figs 3 Reduced wave speed data Measurement Fd fi i (b)
station at 2843 tm. 20 .

M 175 -

In Figure t are shown very careful tracings of the or3 m s
raw-data radiance profiles obtained with the 2hC nm 12
radiometer for two tests in air at the cited conditions. 100

for all conditions of interest, the overall profiles were 75
similar, namely, a strong, rapidly rising overshoot region, I
followed by a decay to a steady-state equilibrium. The t 5C
features of interest are the time-to-peak, peak sgnals, 25levels, the decay rate, and the signal levels at0

equilibrium. _25

As wi!l be shown below, this overshoot is 0 - 2

dominated by 200-320 nm emission from the gamma band Time in Microseconds
system of NO. The NO begins to form at the onset of Fig. 4 260 nm radiance profiles in air. (a) Initial pressure:
0 2  dissociation behind the shock front. Rapid NO------------
electronic excitation takes place, owing to the high 2.25 - . S
translational temperature immediately behind the shock
front. This temperature decayh re02 as uit is primarily
dominated by the 0 2 dissociation rate. Thus, the
electronic excited state population is determined by a 250

number of competng and coupled kinetic processes, ny
whose result is the measured observables in Figure 4. ,ath 2 UrThe chemical kinetic mechanisms and rates involved ime i c
constitute a major objective of this research. T150h

One approach to this objective is to measure the i125 -

overshoot profiles over a broad range of Nh mixture V 2
ratios, pressures and temperatures. One example is p 2c3
presented in Figure 5, in which pure 0 2 was used as the ttest as. In this case the radiation was shown to arise S 2
from the chumann-Runge band system Of 02 ,  The oJ

striking difference in this profile is the lack of an)
overshoot. This feature Of 0 2 is well understood

. It 35 7- 2
results from a dominating radiationless depopulation path 10 2 30 4 so 0 70 o

of the excited state to atorns; and the atom density Time in Microseconds

increases m onotom ica lI),, w ithout an overshoot. T his Fi .5 T p c l 2 0 n ra a ce ro le n ox g .I it lfeature is significant in the kinetics of the overshoot. pressureic : 2 nmr radiocelpocity: 3.8 oxygen.nta
if the same C12 kinetics prevai! in air, then the role ofprsue2toShkvloiy3.9mna.

0 2 in the overshoot will be limited by' its value in the
e q u ilib riu m re g io n o f th e p ro fi e o f F ig u re 4 .A -
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Fig. 7 Typical low-resolution spectrum of shock-heated
_ _ _ _ _air in equilibrium at 38000K.
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Fig. 6 Selected 51im radiation profiles illustrating the 3.58 OH U
dependence on shock velocity. Initial air pressures:
2.25 torr; velocities in mm/gs: (a) 3.83, (b) 3.50. 3.69 A, "
(c) 3.22. zLs-

Primary concern of spectral priority is the A lll
verification that the quantitative signals measured by l .

the radiometers are indeed fromthe species of interest. a i.
A typical low-resolution spectrum of shock-heated air is
shown in Figure 7. In this case the spectrum was ,56
integrated over 30 us during the equilibrium portion of

profile such as in Figure V(a), between 50-80 ps. For 269 12 24 l2o I2 l 38' ' 324 31 33 34
the profile plots, time t = 0 is measured from a time- NVtfl.Dl (am)
of-arrival gauge located 73 mm ahead of the 4-port

instrumentation section centerline. Fig. 8 High resolution spectrum of oxygen in equilibrium
at 3380°K. m

The recorded spectrum clearly shows the band at I
structure of the NO gamma band system in both the
first and second order of the grating. No hydrocarbon 4. Results
impurity bands are in evidence. To date, only the
ubiquitous Na D line and the 306.4 nm band of the OH Nonequilibrium Radiation
(0, 0) A-X have been seen. The origin of the OH has I
not been pursued; it is of variable signal strength, and Velocity-Altitude Scaling
felt to arise from H 2 0 on the walls of the tube. We
note that with hydrogen driven gas, combustion at the The nonequilibrium radiation from the shock-

interface occurs in every test. Fortunately, unambiguous, heated gas was measured for a number of shock velocities

quantitative radiometer measurements at wavelengths at each of three initial shock-tube pressure. The initial
below 280 nm can be made despite the trace OH presence. air pressures of 2.25, 0.66 and 0.36 torr were chosen to
To date, its role in kinetics or energetics has been correspond to flight altitudes of 40, 50, and 55 km.

ignored. Lower pressures were avoided on the usual grounds of

The presence of 0 radiation in the spectrum of difficulties with boundary layers, shock curvature, etc. 1
Figure 7 is clearly overwhelmed by the NO system. A When the correspondence between the
spectrum of shock-heated 02 at higher resolution is shown nonequilibrium zone behind the shock wave in the tube
in Figure 8. As can be seen, the spectrum below 300 and that behind a blunt-body bow shock is examined,9

,
1 0

nm is fairly featureless, being made up of many it can be seen that the peak overshoot value is the most

overlapping bands. Identification of several most obvious critical factor in determining the radiation from the gas

bands is given at longer wavelengths. The spectra of cap. The region of the decay to equilibrium and the

Figures 7 and I can be compared with the computed equilibrium radiance are compressed, lie close to the

spectra of Figures 12 and 13. body, and are contained in the boundary layer.
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The results of some 20 runs are plotted in Figure ca'culate the formation of the ground state chemical

9, in which the peak overshoot radiance values were species first. This implies that excited electronic state
analyzed by the densities at the altitudes shown. The kinetics can be decoupled. This convenience then permitsI direct scaling with density is readily apparent, as is the separate interations on these mechanisms and rates,
factor of 100 in intensity over the velocity range shown, without recalculation of all species concentrations.
To obtain the absolute radiance units, the signals from

the radiometer were directly ratioed to those from the The first step has been achieved by making use
known D 2 standard lamp, with account taken of the shock of an updated version of Calspan's Kinetic Normal Shock
tube diameter and the optical throughput (area x (KNS) code,1 I redesigned to run on an IBM PC AT. It

steradiance) of the radiometer. It should be mentioned computes the thermal and chemical relaxation of
that the measurements shown are in-band, corresponding mixtures of reacting gases behind normal shock waves.

to the 260 nm filter. In order to extrapolate these data The menu-driven program enables the user to produce a

to other wavelength intervals, the relevant spectra of convenient listing of selected parameters versus particle

NO and 02 at the conditions of interest would need to time and distance on a file for printing and generate

be considered. For this purpose the spectra derived with plot files which may be viewed on the screen and/or
the OMA were particularly significant. routed to a printer.

_ __. 3 _Table I presents a listing of the I I reactions and

the rates used for the computations for air.

Table 1
REACTION RATE COEFFICIENTS

II
- h 2 0

2 , . #A 2 . M *..0" ( V7, * ... ~ '~.i

4 ,,*7.5, 1 l IT

16 2', 1 1*. I.a NIN-BAN Ith NO. 2 cn bi
RAOIANCE ' -. - .•..), . - .€,,,ew

F WATTr -- C 0, wo , Io'. ,.,,,.o ,-, ,,-.-

An example of some results obtained with these
16,5 reaction rates is shown in Figure 10. Separately shown

~are the translational and N 2 vibrational temperatures,
0 and the NO and 02 concentrations behind the shock front.

In Figure II the computed excited (A) state population
Q of NO is plotted, assuming local equilibrium with each

of the temperatures. For clarity in comparing the

0 40 KM temporal features of the overshoots, the data were
normalized to unity peak values. Also shown is the

0 [3 50 KM normalized radiometer record for the same conditions.
-3, 55 KM It can be seen that the excitation rate is characterized

I5K by a temperature intermediate to those shown.

10-6 | I 1 1 1 1 Further efforts are presently underway to obtain
3.0 3.5 4.0 similar data over a broad range of 0 2 /N 2 mixture ratios,

VELOCITY (KM'S) and to use this extended data base in formulating the
operant mechanisms and rates that determine the

Fig. 9 Velocity and altitude dependence of the peak radiative overshoot profiles.
overshoot value of the in-band volumetric air
radiance. Data normalized by density ratios. Infrared Vibrational Kinetics

The infrared radiation of NO in air has been
measured for a series of shock speeds and for an initial

Electronic State Kinetics shock-tube pressure of 2.25 torr. The emission results

are shown in Figure 6 for three experiments spanning
The ultimate goal of the kinetics studies, both this range. The spatial resolution of the optical system

theoretica! and experimental, is to determine the is about 5 mm, or on the scale shown in Figure 6, about
mechanisms and rates for the population of the excited ).I; usec. Vibrationa! relaxation times for NO (in Argon)

NO(W state. Except for the case of NO(A' formation range from 30 to t0 usec
1 2 ,1 3 (particle timel under these

directly fromr N and 0 atoms, the most like!\ other conditions of temperature and pressure, and are probably
mechanisms involve collisions with the NO molecules considerably shorter in air (they are 50 times shorter in
being formed behind the shockfront. The computational pure NO 1 

2,
t 3) . The laboratory time (the parameter used

aporoach taken' to data is to use a kinetic code to in Figure 6) is shorter than the particle time by a factor
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Fig. 11 Normalized NO (A) state population profiles
N VIBRATIONAL TEMPERATURE In local equilibrium at (a) translational tem-

perature (b) N vibrational temperature I
(c) 260 nm radiometer measured profile.

3000 - Same test conditions as for Fig. 10.

equa! to the density ratio across the shock, which is
between 6 and 10 for these experiments. Thus, the
vibrational relaxation time of NO is of the order of
several microseconds in laboratory time. The observed

2000 - intensity is then proportional to the arT 'unt of NO present I
and to a weak function of the vibrational temperature
of the NO. For practical purposes the position of the
intensity maximum would be expected to occur close to
the maximum value of the NO concentration. The

0 2 4 6 B 10 measured times to maximum are in fact longer than
cm those calculated with the standard Il-reaction model

given in Table 1. The calculated NO maxima occur at
3 1.9 jusec, 7.8 jisec and 36.5 usec for the experiments

s--, cmshown in Figure 6, compared with experimental values I
of about 8 jusec, 22 usec and 48 jisec. One explaination

would be a slower-than-expected relaxation of NO
vibration. The slow decay of NO concentration at times
after the maximum is reached would account for the
final decay of the radiation.

6- Equilibrium Radiation

NO and 02 f Values 5
The time-dependent measurements of the radiation

z at 260 nm, as shown in Figure 4, can be used to obtain
4 NO an equilibrium radiation value at long times, and theset 4-

can be compared with previous equilibrium experiments
by evaluation of the optical f values of the radiating

D systems. The experimental data were reduced by using
z a numerical calculation which approximates the spectral

02 distribution by replacing the actual vibrational-rotational
structure with a simple smoothed Q-branch structure (see
Figures 12 and 13)l41 , and performins a numerical integral

2- of the intensity multipled by the filter function. If the
calculation is performed for 02 and NO, using f values 1
of unity and number densities of unity for each species,
reference values for the in-band radiation, 1002 and |ONo ,
are obtained. The in-band radiation to be expected from
air would then be

0 1 air ' O2 f 0 2 I;2 
1 NO fNO 4 O

r10 . -
-

r
cr - f,2 +,O t o N O

Fig.10 Direct output plots of the computed temperature 110 2  102 /
and species concentration gradients behind the Since 10,o and 1002 are known from the calculation,
shock front. Velocity: 3,84 Km s. initial air pressure: and nNo and n0 2 are know- from the equilibrium shock
2.25 torr. calculation, the experimental value of lair divided by

n0 2 1002 can be plotted vs n,,oN./n0.lo The
intercept and slope of the straight line yield the i-values
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of 02 and NO. The values obtained from eleven References
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KINETICS OF UV PRODUCTION BEHIND SHOCK WAVES IN AIR*

W.H. Wurster', C.E. Treanor", and M.J. Williams"'
Calspan-UB Research Center

Buffalo, New York

Abstract strong gradients behind the shock front, consisting of
species concentrations and excited state populations

In a series of shock-tube experiments, the far from equilibrium with the local (and changing)
time-dependent ultraviolet radiation behind the translational temperature. To describe this non-
shock wave has been measured for various 02/N2  equilibrium and to predict its dependence on veloc-
mixtures and for a range of shock velocities from ity and altitude requires that the relevant kinetic

3.24 to 3.86 mm/ILsec. From the equilibrium portion rates and mechanisms be known. It is to those that
of the experiments, the values of the squared transi- relate to ultraviolet and visible radiation that this in-
tion moment for the 02 Schumann-Runge and the vestigation is primarily directed.
NO Gamma band systems were measured at 230 rn A description of the shock tube experiment
to be ISRfz 1.5 a.u. and I 1 = 0.21 a.u. For the and early results have been presented in Reference
nonequilibrium region directly behind the shock, 1. They will be very briefly discussed below, for
calibrated time histories of NO Gamma radiation a,'e overall completeness. New instrumentation and an
presented. The kinetic mechanisms governing this extension of the range of measurements are next de-
nonequilibrium radiation have been investigated, but scribed. They provide an extensive data base whose
values for specific rate constants have not yet been analysis is underway, with the goal of providing a
determined. Concurrent infrared measurements model to describe the electronic state kinetics that
which viewed the NO IR system at 1850 cm -1 show govern the nonequilibrium ultraviolet radiation from
agreement with calculated NO equilibrium values, shock-heated air. The results to date of these ongo-
but did not have the time resolution to follow the ing analyses are discussed, and present plans to com-
details of the nonequilibrium emission. Plans for im- plete the program are outlined.
proved instrumentation and further measurements
are described. 2. Review of Previous Work

1. IntrodUction It is especially convenient that the flight condi-
tions of interest, namely, shock velocities of 3-4

This paper describes the latest results of an on- km/s at altitudes above 40 km (2.25 torr) can be
going research program whose motivation centers exactly duplicated in a shock tube. Thus, the meas-
upon the capability to predict the ultraviolet radia- urement of the radiation profile as the shock-heated
tion from the bow shock of a vehicle ascending be- air passes a given station can be readily and simulta-
tween 40-60 km at velocities between 3-4 km/s. neously achieved for a number of wavelengths and
The objectives of the program include providing with different instruments. Further, it can be shown
quantitative measurements in support of a sounding that a profile measured in the shock r.ibe can be
rocket flight experiment, the identification of the ra- transformed to that behind the bow shock wave. The
diating species, and the dependence of the radiation use of this *correspondence" then permits the direct
on altitude and velocity. In addition, basic data are use of the shock data to predict the radiation ema-
being acquired in support of modelling this non- nating from the bow shock.
equilibrium radiation. Figure I depicts the major elements of the

The non-equilibrium aspect of the radiative shock tube and instrumentation used in the experi-
signature arises from the fact that at higher altitudes ments, and which are described in detail in Refer-
the decreased density and collision frequency of ence I.
molecules behind the shock front slows both the Basically, the radiation from the incident-
chemical reactions that establish species concentra- shock-heated gas is viewed through four windows at
tions and those that govern equipartition among in- the same station in the shock tube. Radiometers in
ternal energy states: electronic, vibrational and
rotational. Thus, under some conditions there exist

: Supported by SDIO-IST and managed by the Army Research Office
• Staff Scientist, AIAA Senior Member
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Fig. I Principal elements of the shock tube radiation experiment. 3
while the electronic spectrometer provides UV-vis- ured observables in Figure 2. The chemical kinetic
ible spectra recorded over selected time intervals, mechanisms and rates involved constitute a major
Wave speed and radiometric data are simultaneously objective of this research. I
recorded and synchronized via a digital transient re- In contrast, tests in pure oxygen result in pro-
corder, files such as that of Figure 2(c). This lack of over-

Examples of typical radiation profiles obtained shoot is significant to these kinetic studies and will
with a radiometer at 260 nm are presented in Fig- be addressed in detail in a later section.
ures 2(a) and 2(b), for the test conditions shown. As shown in Figure 1, an optical multichannel
For all conditions of interest, the overall profiles analyzer (OMA) was also deployed at a window at
were similar, namely, a strong, rapidly rising over- the same shock tube stations. This instrument could I
shoot region, followed by a decay to a steady-state be gated to obtain spectra over selected time inter-
equilibrium. The features of interest are the time- vals behind the incident shock wave. Typical spectra
to-peak, peak signal levels, the decay rate, and the are shown in Figure 3 where the results of a pure I
signal levels at equilibrium. oxygen test are superimposed on that of air. The

As will be shown below, this overshoot is domi- band structure of the NO Gamma system is clearly
nated by 200-320 rim emission from the Gamma identified, and can be seen to override a base of Oa
band system of NO. The NO begins to form at the Schumann-Runge bands.
onset of 02 dissociation behind the shock front. By conducting a series of tests in air under
Rapid NO electronic excitation takes place, owing to various initial shock-tube pressures and shock ve-
the high translational temperature immediately be- locities, the in-band, volumetric radiance of the I
hind the shock front. This temperature decays rap- peak radiation was quantitatively measured and the
idly, as it is primarily dominated by the 02 results reported in Reference 1. The peak intensity
dissociation rate. Thus, the electronic excited state was found to scale directly with altitude and was
population is determined by a number of competing shown to have a very strong velocity dependence.and coupled kinetic processes, resulting in the meas-
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(b)

175 -,- WAVELENGTH (nm)

12 - Fig. 3 Superimposed spectra of
10 -shock-heated air (upper trace) and

_J 75- --- pure oxygen. See Ref. I for details.

25- measurements in which the post-shock densities of
- NO and 02 (and the concomitant temperature gradi-

-25- ents) were varied over a broad range for an ex-
0 10 20 30 40 50 60 70 80 tended kinetic data set. (c) a final analysis of the

250 equilibrium NO and 02 radiation characteristics, and
225-- ( (d) the development of a computational electronic

175 state excitation model, which, in conjunction with
s~o the kinetic data set, aims to provide a predictive ca-

125 pability for the non-equilibrium UV radiation.

100 These program elements will be addressed in the
75- -balance of the paper.

T2e 230 nm Radiometer

- As mentioned above, the design of this instru-
0 10 20 3C 40 50 60 70 80 ment sought to achieve higher spatial resolution of

LABORATORY TIME ( 1 ) the field-of-view (FOV) across the shock tube. as

Fig. 2 Typical 260 nm radiance profiles, well as enhanced sensitivity. The design components
(a) air, Initial pressure: 2.25 torr, are illustrated in Figure 4. The uniform FOV across

shock velocity: 3.81 mmls; the tube is achieved by having the aperture stop and
(b) air, Initial pressure: 2.25 torr, the image of the field stop equal, at 1 x 8 am. At

shock velocity: 3.50 mmis; this 1 mm beam width, the 0.5 microsecond digital
(c) oxygen, Initial pressure: 2 torr, sampling time sets the overall ideal resolution of

shock velocity: 3.59 mm/s. 2mm (at 4 un/s). Recent analyses have indicated

that the overall resolution may be as low as 3-4 mm,
3. Present Exnwriments which would be inadequate for high velocity, high-

gradient shock radiation profiles and it is planned to
The earlier measurements described above establish this FOV in separate measurements.

served to establish the identification of the species Another effect is noted, whereby light from the
and bands contributing to the non-equilibrium ultra- advancing shock, when close to, but still outside, the
violet radiation from shock-heated air, and to meas- FOV, can scatter (and produce signal) from any
ure quantitatively the dependence of this radiation scratch or imperfection in the quartz window or lens,
on altitude and shock velocity. 1 The goals of the re- or from the razor-blade slit edges. This effect is
cent studies primarily address the kinetic mecha- manifested in the small pre-shock "foot* seen in
nisms and rates that populate the relevant electronic most records.
states and subsequently govern the radiation profile. Enhanced sensitivity was attained by having a
These studies involved (a) the implementation of an- larger optical throughput (cm 2-sr) than before, and
other ultraviolet radiometer with higher spatial reso-
lution and with enhanced sensitivity, (b) a series of an using a wider UV filter to capture more of the

P- 3
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PHOTOMULTIPLIER deployed. System linearity is confirmed by inverse- 3
DETECTOR square-distance measurements. The maximum pos-

sible error in the calibration is 15%, although
self-consistency tests with the data and ancillary
measurements indicate that a probable error near I
10% is more appropriate.

FILTER The Kinetics Data Set 3
, -- Directly behind the incident shock wave the

I' translational temperature can attain values near

! \ FIELD STOP 6000 K which immediately fall as the 02 dissociates.

It % NO begins to form as soon as 0 atoms become avail-

lated as it seeks to equilibrate with the decreasing
temperature. To aid in elucidating these coupled
phenomena, a set of shock tube conditions was se-

lected which sought to separate and emphasize these
effects. The shock tube is ideally suited to such stud-

WINDOW ies, inasmuch as the capability for processing pre- I
cisely controlled mixtures can be exploited. In this

TUBE Icase, a number of N2-02 mixtures were used, with
FIELD STOinitial pressures of 5.0, 2.25 and 1.0 torr, and with
FIELD STOP shock velocities between 3 and 4 mm/ps. The largest

IMAGE excursion in the post-shock NO/0 2 ratio was sought,

I Il to provide the broadest-range kinetic data set.

Fig. 4 Elements @f the 230 nm radiometer. A set of such radiation profiles measured with Ithe 230 nm radiometer is shown in Figure 6. for the
test conditions cited thereon. The broad variation of

stronger NO Gamma bands. Figure 5 presents the the radiation profiles attests to the parametric
relative filter functions of the 230 nm and the older changes among the various tests and to the useful-
260 run radiometer. Comparison with the spectra of ness of the data set for studies of excited state ki-
Figure 3 illustrates the molecular bands subtended netic populations.
by each of the filters. Also shown in the figures are the profiles that

Absolute calibration was achieved in the same result when the calculated 02 Schumann-Runge
manner described in Reference 1, in which an NBS- contribution has been subtracted, as described later.
traceable, standard deuterium irradiance source is Predicting these resultant NO Gamma band profiles I

is the challenge for any scheme that addresses the
0._ __ 0 1kinetics of the NO(A) state.

260 nm'Test Time
F ILTiwL

g LE 0 12 0 The test time expected in the shock tube can
L be calculated from Mirels' laminar theory, which ap- I

) plies to all the results reported herein. For the time-

11 0 c histories shown in Figure 6, where the initial
cc cc shock-tube pressure for all cases was 2.25 ton', the

0. 0 W calculated test time decreases from 145 uasec for a
0.1 0.4 shock velocity of 3.24 mm/psec to 105 psec at 3.86LL L

mm/lpsec. The observed test times, as determined

0 0 from the termination of the radiation plateau in Fig-
ISO 200 220 240 260 280 ure 6, are somewhat greater than half this value,

WAVELENGTH (nm) which is consistent with usual shock-tube experi-
ence. The sensitivity of the UV radiation is such that

Fig. 5 Filter transmission functions.
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Fig. 6 Measured 230 nm radiation profiles for three 02 IN2 mixtures and various
shock velocities. Initial shock tube pressure: 2.25 torr.

Upper curve: Observed radiance (NO If. 02 S-R)
Lower curve: NOVi contribution obtained by subtracting

calculated 02 S-R Contribution
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a drop in temperature of 100 K decreases the radia- 22
tion by a factor of 2. k, 20 TEMPERATURE a

4. A nalysis of the R esults z  18 22 32 9 -3 0
I a 22.3 3249 -3809 9

0-16 A 40 3169-3546
Eguilibrium Ultraviolet Radiation CC0 100 3297-3430

14 -
To calculate the contribution at wave number 1Y 12 -

w of the equilibrium spectral radiation from a given -j g
(v',v') band, a simple smoothed 0-branch structure 0
was used2  a

- ~ ~ L 2C 6 20mFLE
v, v- (w) -3.20x10-0 IReI qv, v- n 260nm LTER"

vkT 4e_-. W 4 e IW- l watts (1) 2
(Q r)u  cm3 sr cm - I r 0 I I .l I 1 I I I j

0 2 4 6 8 10 12 14 16 18 20 22

where CALCULATED EQUILIBRIUM RADIANCE

IRel 2  = squared transition moment (atomic 1166WATTS/CM 3
- SR)

units) 02 S-R: I R&l2 z 1.4 a.u. NO *Y: I R6l2 0.18 a.u.
q v, v- - Franck-Condon factor

nu = number density in the excited elec- Fig. 7 Measured and calculated values of the
tronic state (molecules/cm 3) 260 nm equilibrium radiance from

E v' = energy of vibrational state v' three 01N2 mixtures.

(Q v)u  = vibrational partition function of upper mens IReP were chosen for the NO Gamma and 02
electronic State S-R to supply the best agreement, and are shown in

C (cm) the figures. These values are about 35% higher than

(B)e' -Be" those reported in preliminary results', and are con- I
o = bandhead wavenumber (cm- ) sistent with accepted values for the two systems. The

data include results for the four different 02 /N2 mix-
and B' and B" are the rotational spectroscopic con- tures, and a range of shock speeds from 3.21 nm/
stants for the upper and lower electronic states. The iLsec to 4.30 mm/iLsec.
dependence of B on v was not included in the calcu- Figure 8 is a similar plot for the 230 unm filter 3
lation. data (available only for the more recent experi-

The total spectral radiance l(w) was obtained ments). For this filter, the use of a slightly different
by summing these expressions over all v',v". yielding set of IReF values (as shown in the figure) appeared
spectra for the NO gamma and 02 Schumann-Runge to improve the fit.
systems as shown in Reference 1. The radiation that The estimated precision in the shock-velocity
should be measured by the calibrated detector was measurements is :±0.2%, which corresponds to a
calculated as temperature accuracy of about ±0.2%. This can re-

m sut in a variation in the calculated radiance of about

S f [1O () W 12 d) ) (2) ±.5%. The ability to read the experimental values of
- d Po -(w) +102the radiance results in an uncertainty of about ±3%.

o The probable error in the calibration constant is

where F(w) is the filter transmission function and ±10%.

D(w) is the detector response function. Non-Equilibrium Ultraviolet Radiation

Among the many experimental radiance pro- I
files obtained from shocks of varying velocity into A time-dependent record of the 230 nm and

pure oxygen and three mixtures of 02 and N2 , there 260 nm radiation behind the shock wave was ob-

were a number that attained equilibrium within the tained for four N2102 mixtures (% 02 V 100, 40,

available test time. For each such case Figure 7 22.3. 5) and for a range of velocities from 3.24 to

shows the equilibrium value of the experimental ra- 3.86 mm/uLsec. The temporal resolution of the re-

diance integral S for the 260 nm filter, plotted cords is estimated to be between 0.5 to 1.0 asec.

against the calculated value. Squared transition mo- 3



I.
22 1 1 1 1 1 1 1 1 1 1 We have assumed that the 02 S-R system fol-

20 -TEMPERATURE - lows the same behavior in the radiation from N2/0 220 % 02 RANGE. 0 K mixtures, with the 2 (B) state staying in local equl-
* 2 - 22.3 335 - librium with the oxygen atom concentration at theZ 0 2.3 365-3740

16_ A 40 3169 -3546 / - translational temperature. The oxygen atom concen-

a100 3372-33 tration behind the shock was calculated from a
14- - normal-shock nonequilibrium code1.1, and this

o 12 population was used to determine the B state partici-
_ = pation in the observed radiation. This amount of

1.: 1 - - radiation was subtracted from the total observed,
and the remainder was attributed to the NO Gamma
system.

230n FILTR -In the results shown in Figure 6. the total ra-
* 14 diation and the portion attributed to NO Gamma are
2 shown. These graphs of the NO radiation provide a

record of the population of the NO(A) state as a
0 I I I I I I I function of time.

0 2 4 6 8 10 12 14 16 18 20 22
CALCULATED EQUILIBRIUM RADIANCE The NO(A) state could be produced either di-

116- 5 WATTS/CM 3_ SR) recdly or by transfer from the metastable Na(A)
010 state. Several reports '7 have speculated on the pos-

02 S-R:IRe l 2 -1.5 a.u. NO :l R t'= 0.21 a.u. sible candidate reactions for both NO(A) and N2(A)
Fig. 8 Measured and calculated values of the production. The reactions that are considered likely

230 nm equilibrium radiance from for direct production of the NO(A) state are the
three 02/N2 mixtures. electron collisional excitation of NO(X) and the re-

combination of N and 0 into the NO(A) state. The
To analyze the nonequilibrium radiation, it is electron density in the present experiments is very

necessary to separate the amounts arising from the low, so that the first reaction cannot be considered
02 S-R and the NO Gamma. The time-dependent as likely. The recombination reaction does not pro-
experimental values of S for the pure oxygen experi- duce an overshoot, and so will not supply the ob-
ments do not show a radiation overshoot (Figure 2), served profiles. Heavy-body collisional excitation,
but rise quickly to steady-state value. This feature either of NO(A) directly or of N2(A) followed by
was observed in work at Avco3 in the late 1950's, transfer to NO(A). will give overshoots of the type
and attributed to the rapid predissociation of the that have been observed in these experiments. How-

excited B state. Thus the B state ever, no definitive set of rates that will describe the
local thermodynamic equilibrium with the oxygen experimental results shown in Figure 6 has yet been

atom population, so that the number of 02 mole- determined.
cules/cm 3 in the B state is given by We have begun the design of an LIF technique

to monitor the production of the metastable N2(A)

n°2(B)~ no ostate. Near-R absorption into the ( ) state with
02 nK 0 observation of subsequent First Positive band emis-

19LTE sion is planned. A direct comparison of the N2(A)
2. 22,T and NO(A) state profiles will provide a significant,

-0 1.765 II 9 /T -icomplementary aid in studying these complex excita-
K 1 e-9iJ/T tion kinetics.

1.465 - 1.4 x 10 -T) } guilibrium Inf(r3)d Radiation
The infrared radiation from the shock-heated

gas was measured using a HgCdTe detector and a
where K is the equilibrium constant for the reaction narrow-bandpass filter with constant transmission
and the last factor in the equation is an approximate from 1749 cm' 1 to 1954 cm-, allowing good re-
representation (appropriate over the range 3000 to sponse for the NO fundamental IR band, which is
7000 K) of the required correction' to the rigid-ro- centered at 1850 cm -1. The sensitivity of the detec-
tator simple-harmonic-oscillator model. The 02 ra- tor was assumed constant over this spectral range.
diation is taken to be proportional to n0 2 (B), as The measured signals contained an appreciable
determined from the equilibrium measurements. amount of noise, but for many conditions a plateau

!
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region was reached where a final signal value could 22 1 1 1 1 ! I 0
be determined. An example is shown in Figure 9, 20-

24 - 18 %020 22.3
21-6 A 40

1 6 -- 14iW_ - -

I,--(-10

12 w 81

B-~ -

0

0 0 2 4 6 8 10 12 14 16 18 20 22
0 50 100 150 200 SCALED

LABORATORY TIME (LS) (MV)

Fig. 0 Measured Infrared radiation with Fig. 10 Measured and calculated values of the 1
equilibrium plateau. equilibrium Infrared radiation from two
Initial shock tube pressure: 5.00 torr 02 /N2 mixtures.
Shock velocity: 3.42 mm/Ms. iu res.

Non-Epuilibriurn Infrarid Radiationi

The strength of the signal to be expected can
be obtained by calculating the radiance of a single, Three examples of time-dependent infrared
v',J'; v",J" transition, and summing these values signals are shown in Figure 11. These examples are
over all the lines within the filter bandpass. The re- from the runs for which the 230 rim radiation is I
sulting signal strength is less dependent on tempera- shown in Figure 6. The expected signal is shown by
ture than is the total band radiance, because at the smooth curves, which are calculated using equa-
higher temperatures a larger portion of the band is tion (4) and values of nNO and T determined by I
outside the range of the filter. This calculated signal the normal-shock calcula6on.1 scaled to the equi-
strength can be written as: librium value (Figure 10).

nNO 1The lack of spatial resolution in the infrared
SIR = A n-- I {790 4 0.25 (T-3000) measurements is demonstrated by the inability of the

- 2.5 x 10 - (T-3000) 2 } (4) system to follow the calculated radiation overshoot,
and by the sizable "foot" generated before arrival of

over the temperature range 3000 to 5000 K, where the shock wave at t = 0. With this poor resolution it U
would also be expected that internal reflections in

t . pathlength = 7.62 cm the shock tube might contribute to the resolution

2.689 x 10 9moleculescm 3 problem. However, further narrowing of the optical
beam led to an unacceptable increase in signal noise.

To address this problem. a new infrared radi-
and nNO is the number density of NO molecules. ometer has been designed and installed in the shock

A is a calibration constant for the system which was tube. It utilizes an indium antimonide detector, I
not determined. However, the consistency of the which, despite the response roll-off at 5.5 pm, still
data can be shown by matching the calculated results provides a factor of 10 gain in overall SNR over that
to a single datum point and using this constant for of the HgCdTe detector deployed previously. In ad-
the other points. The resulting plot for all experi- dition, the spatial resolution has been enhanced by I
ments that clearly reached an equilibrium plateau is means of appropriate slits and CaF 2 lenses. An ex-
shown in Figure 10. The variations shown are consis- tended range of IR measurements at higher SNR is
tent with the noise level of the infrared signal. anticipated for future tests. I
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26-

24- Vs 3.84 Mm/ a
22-
20 Calculated predictions of non-equilibrium ul-
111- traviolet radiation from the bow shock of hypersonic
16- vehicles depends critically on relevant experimental
14 data, which comprise the major goal of these studies.2412- Earlier work led to the identification of the radiatinglo- species and to the velocity and altitude dependence

tof the UV radiances.

S6. Further experimentation is reported that ad-
4" dresses the kinetics of the relevant electronic states.
2 In particular, an extensive kinetic data set has been
00.. obtained, over which the NO and 02 post-shock

0 "20 40 0 S '0 00 120 140 160 densities have been broadly varied. A computational
model has been developed, involving the reactions

Vg 3.56 rw/ go (b) and rates for excited state populations. Iterative
16- comparative efforts are now underway to reconcile

the calculated and measured nonequilibrium radia-14 tion profiles.

0 12 Equilibrated radiance levels for some cases
..J "permitted an evaluation of the NO Gamma and 02

0- Schumann-Runge transition moments, from whichJ 8their relative contributions to air radiation were de-

termined. Similarly, equilibrium infrared measure-
6- ments were used to establish that the NO

4 r. fundamental band sequence provided a quantitative
measure of the NO concentration. Additional and

4Limproved 
diagnostics are planned to record further

0 2 observables for the study of these kinetic, radiative
0 20 40 60 80 100 120 140 160 processes.

16 (c) efrne
V-. 3.24 ram/ go(C

14 1. Wurster, W.H., Treanor, C.E., and Williams,

M.J., Nonequilibrium UV Radiation and Kinet-
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APPENDIX D
IR SPECTRAL ANALYSIS

This appendix presents a summary of the equations that were used in the analysis on the
equilibrium IR radiation from nitric oxide, and applies them to the results obtained in the current
experimc -s. The equations are discussed in detail in References 7 and 13.

The wave numbers of the rotational-vibrational lines in the P, Q, and R branches are givenI by

D-1)-7) V , -2 ,)o -oL(3,C - (J'+,)V' -] J=l1,2,3, .•

D-2) J=1,2,3, ....

fD-3) ) , +_j' -s t ."+2JV -) J=2,3,4 ...

for a transition from the VF state. The wavenumber "tv , is given by

I V, 2,--7. v'
D-4) 0v1 =& -2V Z -%'Xe 4-3,2.5 V e e  E7q) V-(00039) V'J

The constants for the NO molecule are:

Be = 1.7046 cm- 1 and 6 e = 0.0178 cm-1

The intensities of the lines are given by

(cD-5) + )c v €j. c.

D-6) r:o ( zJ'i-, -er'' - . - -

D-7) "e(a ,- ek.T e(-

WAt "T T / 0 0L --_¢L Er - -CA

I .. V e

I B-iml I / mlmm



I

and k=0.695 cm-IK-1 . Cem is the emission constant for the NO band system and a value of

Cem= 2 .9 7±0.54 x 10- 33 watts cm4/molecule-5r was reported in References 7 and 13.

The partition functions are approxmiated as I

D-8) QR = kT

and e ,',
D-9) Qv =  - W}€T )

The total in-band radiation measured is then calculated as

D-10) R YyI £Z0 [/r.f j wQFflSI+ IRV]~ tsc

where Fy is the combined filter-detector response at wavenumber 7) , as described in Section 3.2,

71 NO is the number density of NO molecules (molecules/cm 3) and is the diameter of the shock

tube, 7.62 cm. The values of FV were taken as constants over specified wavenumber intervals, as

given in Table D-1. 3
Wavenumber Interval (cm- 1 ) Average Response

FV

1724.1 ------ 1773.0 0.00445

1773.0 ------ 1793.7 0.0311

1793.7 ------ 1816.5 0.11565

1816.5 ------ 1839.9 0.2975

1839.9 ------ 1863.9 0.515

1863.9 ------ 1888.6 0.7105

1888.6 ------ 1913.9 0.8175

1913.9 ------ 1938.0 0.851

1938.0 ------ 1964.6 0.8815

1964.6 ------ 1992.0 0.7615 I

1992.0 ------ 2020.2 0.395

2020.2 ------ 2049.2 0.09(0+

2049.2 ------ 2079.0 0.0089

TABLED-I. FILTER-DETECTOR RESPONSE I
1)--? I



The values of FV are relative numbers, and are the same values used in the calibration of the
system. As shown in Figure 4, this calibration yields the relation

-4-

D-11) S- lO140iO V w/c-SP,

where S is the in-band radiation, f IBBF4d , and V is the number of millivolts measured by the

detector.

The values obtained for the calculation indicated in Eqn. D- 10 are shown in Table D-2,
calculated for three temperatures covering the range of interest in the present experiments.

T (-K) R/Aj Cem

3000 3.507 x 1012

4000 4.755 x 1012

5000 5.758 x 1012

TABLE D-2. CALCULATED RADIATION INTEGRALS

These values of R/-niQCem can be expressed as

D-12) 3 sO o ZtlO (T3coIz-
Turning now to the experimental results for the infrared measurements with NO, the value

of S for each experiment is obtained from the number of millivolts measured at equilibrium, by
using Equation D-I 1. Using I = 7.62 cm, the value of S/I. [1+3.21 x 10-4(T-3000)) is plotted in
Figure D- 1 vs. nNO. According to Equation D- 12 this should yield a straight line with slope equal

to 3.506 x 1012 Cem. From Figure D-1 a value of Cem is obtained as

I Cem = 3.66 x I0-3 3 watts cm4/molecule -sr

I slightly higher than the value quoted in References 7 and 13.

I
I ~D-3j
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